Introduction
Peroxynitrite † is formed from the reaction of NO˙with O 2 are released by activated macrophages and neutrophils, [6] [7] [8] [9] [10] [11] peroxynitrite can be formed in vivo. 12 Due to its oxidizing power and nitrating activity, peroxynitrite is cytotoxic and is associated with inflammatory diseases. 13 ONOO − is stable in a cold alkaline solution in the absence of carbonyl compounds and metals. The pK a of ONOOH increases from 6.5 to 7.3 with increasing phosphate concentration. 14 Isomerization of ONOOH to HNO 3 , 15,16 reaction 1, ‡ is first-order in ONOOH. Rate constants for the isomerization, obtained over a period of ca. 40 years, have slightly decreased, from 1.5 to 1.1 s −1 , most likely because of purer preparations of peroxynitrite (Table 1) . ONOOH is a powerful one-electron and two-electron oxidant. 17, 18 A review of the literature shows that evidence for the much-cited homolysis of ONOOH to HOȧ nd NO
• 2 is weak: at most 5% of ONOOH may undergo this reaction. 19 In any case, the reaction of otherwise stable ONOO − with CO 2 20 is far more relevant to biology (k = 1.59 V. 24 These species are responsible for the higher yield of nitration of phenols compared to nitration by peroxynitrite alone (4-9% without and 14-19% with 20 mM HCO 3 − ). 22, [25] [26] [27] Deviations from first-order behaviour 33 and formation of O 2 34 and NO 2 − in a 1 : 2 stoichiometric ratio 35 have been observed. Both phenomena can be explained with an additional reaction, namely between ONOOH and ONOO − , a disproportionation that, given a pK a of ONOOH of nearly 7, is only relevant near and above neutral pH (Scheme 1). This disproportionation thus fits the observation that NO 2 − yields increase with pH and with peroxynitrite concentration. 36, 37 Gupta et al. 38 showed that the disproportionation reaction 36 This indicates that a Tris-dependent conversion of peroxynitrite to NO 2 − takes place. The possibility that the buffer influences the course or result of a reaction has rarely been considered. 48, 51 We therefore also compared decomposition kinetics of peroxynitrite at pH = 6.8 in buffers that contain variable concentrations of phosphate and Tris and refined the decomposition model by taking into account reactions (1)- (3). and used as received. Ar and N 2 , both of 99.995% purity, were taken from the in-house gas supply. All solutions were prepared in deionized water that was further purified by using a Milli-Q unit from Millipore AG (Zug, CH).
Materials and methods

Materials
Preparation of solutions
All solutions were prepared, stored, transferred and mixed at room temperature in glass vessels under Ar or N 2 and used within one day. Because ONOO − is sensitive to acid, heat and light, samples (1.4 g) of deeply frozen 25 mM (Me 4 N)OONO (aq) were dissolved in ice-cold 20 mM aqueous NaOH to produce alkaline ONOO − solutions that were stored and transferred at 0°C and kept in the dark. The fresh alkaline ONOO Dalton Transactions Paper ion-pairing of Na + with HPO 4 2− , 54 we calculated the ionic strength of our samples at pH 6-8 to be between 0.197 M and 0.206 M. The pK a of ONOOH is 6.7 under these conditions.
Determination of peroxynitrite, nitrite and nitrate
The content of peroxynitrite and of its typical ionic decomposition products -NO 2 − and NO 3 − -were quantified for the lot of deeply frozen (Me 4 N)OONO (aq) used for kinetics experiments as described before. 36 Briefly, a sample (1.4 g) of deeply frozen (Me 4 N)OONO (aq) was subsequently weighted, dissolved in ice-cold 2 mM NaOH and analysed by spectrophotometry at 302 nm (Specord 250 from Analytik Jena AG, Jena, DE). To determine the content of NO 2 − and NO 3 − , a sample (1.4 g) of deeply frozen (Me 4 N)OONO (aq) was dissolved in 30 ml ice-cold 2 mM NaOH. 1 ml of this alkaline solution was added to 5 ml ice-cold 2 mM phosphoric acid to yield a mixture with pH = 3. In an acidic solution, peroxynitrite is mainly present as ONOOH, which isomerises to NO 3 − . This acidic solution was neutralised after 5 min by the addition of 4 ml 2 mM NaOH and then analysed by ion chromatography (Super Sep IC Anion Column from Metrohm AG, Herisau, CH) with a phthalate eluent of pH = 4.7 and by conductometric detection (732 IC Detektor from Metrohm AG, Herisau, CH).
To determine the content of NO 3 − in the (Me 4 N)OONO (aq) sample, the peroxynitrite content was subtracted from the content of NO 3 − , which resulted after isomerization of ONOOH. The amount of peroxynitrate was not determined because it decays very fast in an alkaline medium.
Stopped-flow experiments
The decay of peroxynitrite was initiated by a rapid 1 : 
Computations
We assume that at pH < 6 ONOOH isomerises to NO 3 − and H + exclusively; the decay of ONOOH was fitted to a single exponential function that resulted in k obs . The rate constant k 1 was derived from k obs , which is a function of pH, pK a(ONOOH) and k 1 :
Reactions (1)-(3) § lead to rate laws 2 and 3 for peroxynitrite and peroxynitrate.
Given the pK a values of ONOOH and O 2 NOOOH, we calculated the time-dependent concentrations of the absorbing species ONOO − and O 2 NOO − . All data analysis and model calculations were carried out in Microsoft Excel by macro programmes (which are available from the authors upon request). The kinetics of the mixedorder decomposition of peroxynitrite was quantitatively compared by the use of the first half-life of the absorbance.
Results
Computation of the decomposition rate constants of peroxynitrite in phosphate buffer
From the measurement of the initial absorbance at various pH values, we derive a pK a(ONOOH) of 6.7 at I = 0.2 M which fits with the dependence of the pK a on ionic strength. A rate constant k 1 = 1.11 ± 0.01 s −1 (n = 7, 95% confidence level) was determined by fitting absorbance traces at pH = 5.3 and I = 0.2 M in 70 mM phosphate buffer (see Fig. 1 (Fig. 2) could not be fitted with k 1 = 1.11 s −1 (Fig. 3) . We therefore take into account an additional process, disproportionation of peroxynitrite to O 2 NOO − and NO 2 − . 38 For the decay of O 2 NOO − to NO 2 − and O 2 , we take a value of 1.35 s −1 . 43 The combination of these three processes allows us to fit the obtained results with significantly smaller errors (Fig. 4) . Fig. 5 shows an actual decay curve of 0.25 mM peroxynitrite at pH = 6.5 which was fitted according to rate laws 2 and 3 with k 1 = 1.11 s −1 and k 3 = 1.35 s −1 . 43 In addition, the fit required that k 2 be 1163 M −1 s −1 : the residuals are very small and do not show any systematic error. This procedure was repeated at various other pH values, and the results for k 2 are presented in Table 2 .
The first half-life of the absorbance increases with pH ( Fig. 6 ) because ONOO − is stable and the isomerization of ONOOH is the predominant decomposition pathway of Table 2 ) were measured at 302 nm and averaged. Table 2 ) were averaged and fitted with k 1 = 1.11 s −1 . The residuals are much larger than in Fig. 4 , the range of which is indicated by the two dashed lines. (Tables 3 and 4 , and Fig. 7) . Interestingly, up to a certain concentration, Tris shows no significant influence on the decay of peroxynitrite. However, this concentration decreases with increasing initial peroxynitrite concentration. We find that the measured first half-life (Fig. 7) .
Discussion
According to rate laws 2 and 3, absorption traces are fitted (e.g. Fig. 5 ) and values of the first half-life of the absorbance are simulated (Fig. 6 ) without a systematic error for the pH range 6-8. A model restricted to homolysis 37 does not simulate the decay of peroxynitrite in this pH range very well. The first-order rate constant of the isomerization agrees with earlier results.
The disproportionation can be regarded as a two-step reaction: a reversible association and a subsequent irreversible conversion to the products:
Earlier estimates of the parameters of this sequence are listed in Table 5 . The first two are in good agreement with the disproportionation rate constant determined here; however, the third estimate is higher.
According to rate laws 2 and 3, the concentration of peroxynitrate reaches its concentration maximum ca. 1 s after the decay of peroxynitrite is initiated (Fig. 5c) . After that peak concentration, the second-order disproportionation becomes negligible in comparison with first-order decay processes 1 and 3. Therefore, decay traces of peroxynitrite deviate from firstorder kinetics in the first 1-2 s. 33 The decomposition model according to reactions (1)-(3) § and (9) fails to reproduce the Tris-dependent first half-life of the absorbance. It fits the absorption curves with a residual that indicates a systematic error that increases with the Tris concentration (not shown). Moreover, it results in k 2 values that increase non-linearly with the Tris concentration if the latter is higher than 10 −4 M ( , both in 0.1 M Tris) and that 0.25 mM peroxynitrite decomposes in 0.1 M Tris buffer twice as fast as it does in 0.1 M phosphate buffer. Therefore, Tris accelerates the disproportionation of peroxynitrite and thereby increases k 2 . Indeed, the peroxynitrate yield is, being dependent on the square of the initial peroxynitrite concentration, 40 times higher in Tris buffer than it is in phosphate buffer. 38 The observed rate of decay of peroxynitrite accelerates with increasing Tris concentration (Fig. 7) 
It is likely that a more accurate decomposition model can be achieved by considering a chain of association equilibria that involve peroxynitrite and Tris.
Peroxyacids, in general, decompose in reactions that are first-order in both the acid and its conjugate base: typically with rate constants of 1 × 10 −3 -1 × 10 −1 M −1 s −1 . [56] [57] [58] [59] These rate constants are much smaller than those found for 
